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157] ABSTRACT

A frequency spectrum analyzer wherein an input signal
is subjected to A/D conversion, and the converted data
is multiplied by a window function; and the thus pro-
cessed signal is subjected to Discrete Fourier Trans-

form; when a user specifies a desired frequency, the
square root of the sum of the squares of amplitudes of a-
predetermined number m of spectral lines close to the
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1
FREQUENCY SPECTRUM ANALYZER

BACKGROUND OF THE INVENTION

The present invention relates to a frequency spec-
trum analyzer for evaluating the frequency spectrum of
an mput signal with high accuracy by subjecting digital
data corresponding to the input signal to Discrete Fou-
rier Transform (DFT).

A conventional frequency spectrum analyzer is such
that a series of digital data corresponding to an input
signal (if the input signal is an analog signal, the digital
data can be obtained after the input signal has been
subjected to A/D conversion) is multiplied by a win-
dow function and then subjected to DFT; an absolute
value of the converted complex number data is calcu-
lated; and the calculated value is displayed as a fre-
quency spectrum at discrete frequency points.

According to the conventional frequency spectrum

analyzer, when a user specifies desired frequency
points, the frequency spectrum at the frequency points
is displayed as a Root-Mean-Square value (hereinafter
referred to as “RMS”) of the amplitudes, or decibel
values at the frequency points are displayed together
with the frequency on the basis of a predetermined
value at a reference frequency.
- However, e.g., in the case where steady-state vibra-
tion of a rotating body is subjected to frequency analysis
to evaluate the spectrum of a predetermined frequency
using the conventional frequency spectrum analyzer,
the numbers of rotations of the rotating body tend to be
shifted due to some cause every time it is measured, so
that the amplitudes of the spectrum are varied, thereby
impairing the reliability of the measured values.

Specifically, e.g., in the case where a rectangular
window is used as a window function, if a frequency f of
an mmput signal coincides with a discrete frequency point
k; i.e., if fo is the frequency corresponding to a fre-
quency point k=kg as shown in FIG. 5(a), a single 44
spectral line is observed when f=fy. However, if the
frequency f of the input signal does not coincide with
the frequency point; e.g., the frequency f'is varied to the
midpoint (fo-+ Af/2) between the frequency points, the
spectrum of the frequency is dispersed into a plurality of 45
spectral lines (hereinafter referred to as “leakage™) as
shown in FIG. §(b), so that the amplitude of the spec-
“trum at the target frequency point kg is undesirably
reduced to 64% (—3.9 dB) of a precise value.

Further, in the case where the Hanning window is 5¢
used as the window function, if the signal frequency f
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~ coincides with the frequency fo corresponding to the

frequency point kg, three spectral lines are observed as
- shown in FIG. 6(a). However, if f=fp+ Af/2, then the

- signal frequency is dispersed into a larger number of the
spectral lines as shown in FIG. 6(b), so that the ampli-
tude of the spectrum at the frequency point ko is re-
duced to 85% (— 1.4 dB) of the precise value.

Moreover, if the number of rotations of the rotating

 body (input signal frequency) fluctuates during an anal-
- ysis period, the frequency spectrum of the input signal is
.dlsperwd into a still larger number of the spectral lines.
- Since the conventional frequency spectrum analyzer

displays only the amplitude of the spectrum at a speci-
fied frequency point, there is a problem in which the
displayed values are reduced with large errors due to
spectral dispersion caused by the abovc-mentmned leak-
age and ﬂuctuatlons -
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SUMMARY OF THE INVENTION

‘The present invention has been made to overcome
the problem accompanying the conventional frequency
spectrum analyzer. An object of the present invention is
to provide a frequency spectrum analyzer capable of
outputting or displaying an accurate spectral amplitude
(amplitude spectrum) irrespective of the condition
whether the frequency of an input signal coincides with
frequency points aimed by the analyzer.

‘To achieve the above object, the present invention is
applied to a frequency spectrum analyzer for multiply-
ing digital data corresponding to an input signal by a
window function, calculating a frequency spectrum of
the input signal with Discrete Fourier Transform, and

~ outputting or displaying the calculated result, wherein

the frequency spectrum analyzer is provided with a
amplitude calculating device for calculating the square
root of the sum of the squares of amplitudes of a prede-
termined number of spectral lines close to a desired
frequency; and the calculated value is outputted or
displayed as a Root-Mean-Square value of the ampli-
tude of the spectrum of the desired frequency.

In the above-mentioned frequency spectrum analy-
zer, the window function, subjected to multiplication by

- the digital data corresponding to the input signal, sub-

jected to discrete Fourier transform, and used to calcu-
late the spectrum of the frequency of the input signal, is
provided with at least one function selected from suit-
able a rectangular window function, a Hanning window
function, a Blackman window function and a Hamming
window function. .

With the frequency spectrum analyzer of the present
invention, when a user specifies a predetermined fre-
quency, the square root of the sum of the squares of the
amplitudes of the predetermined number of spectral
lines close to the predetermined frequency is calculated
so that the calculated value is displayed or outputted as
a Root-Mean-Square amplitude of the spectrum of the
specified frequency.

BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 11s a block diagram showing a configuration of
a frequency spectrum analyzer, which is an embodiment
of the present invention;

FIG. 2 is a flowchart illustrative of a processing pro-
cedure in the analyzer of FIG. 1;

FIGS. 3(a) and 3(b) are diagrams showing the rela-
tionship between a number of spectral lines (m) for
adding up the squares of the amplitudes and ratios (R) of
calculated values to the true amplitudes of a specified
frequency spectrum of an input signal. |

- FIGS. 4(a) and 4(b) are diagrams showing an example
of a spectrum in the case where a frequency of an input
signal fluctuates during analysis;

FIGS. 3{a) and 5(b) are diagrams showing an example
of a spectrum in the case where a rectangular window
is used; and

- FIGS. 6{(a) and 6(b) are diagrams showing an example
of a spectrum in the case where a2 Hanning window is

used.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

~ An embodiment of the present invention will now be
described with reference to the accompanying draw-

ngs.
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F1G. 11s a block diagram showing a general configu-
ration of a frequency spectrum analyzer, which is an
embodiment of the present invention. In FIG. 1, refer-
ence numeral 1 designates a signal input terminal to
which an analog signal f(t) to be subjected to spectral
analysis is inputted. The inputted signal {(t) is supplied
to a signal processing device 2.

The signal processing device 2 adjusts the signal {(t)
to an appropriate amplitude and frequency band and
applies the thus adjusted signal to an A/D converting
device 3. The A/D converting device 3 converts the
input signal to digital data f(n) and delivers the digital
data to a logic operation control device 4.

The logic operation control device 4 stores the re-
ceived digital data f(n) in a memory; subjects the digital
data to multiplication by a window function W(n), then
to Discrete Fourier transform (DFT), and further to
calculation of a Root-Mean-Square value (RMS) of a
spectrum of a specified frequency; and supplies the
logic operation results to a display device 5. The display
device 5 displays the RMS value of the spectrum of the
specified frequency.

The signal processing device 2, the A/D converting
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device 3, the logic operation control device 4, and the

display device 5 are connected to an operation device 6,
so that a user can set and display various parameters Or
the like interactively.

An operation of the analyzer of the present invention
will be described with reference to FIG. 2. FIG. 2
shows a processing procedure of the analyzer of FIG. 1
in flowchart form.
- First, the analog input signal f(t) is read (Step S1), and
- then subjected to A/D conversion (Step S2) to obtain
the digital data f(n). Subsequently, with the number of
samples set to N, N pieces of data {f(n),n=0, 1, 2,...,
- N—1} are multiplied by the window function W(n) to
obtain data {W(n)-f(n), n=0, 1, 2,..., N—~1} (Step S3).

The data {W(®)-f(n), n=0, 1,2, ..., N—1} is sub-
jected to DFT using the Fast Fourier Transform (FFT)
to obtain complex number data {F(), k=0, 1, . . .,
N—1}, from which an amplitude 2} |F(k)| (k=0, 1, ...
, N/2—1) 1s calculated as a synthesized value of a posi-
tive frequency component and a negative frequency
component (Step S4). This amplitude 1s usually ex-
pressed 1n decibel on the basis of a predetermined value
(e.g., 1.0 V) as a reference.

- A technique for displaying the result of an analysis by

the conventional analyzer will be described before
going on to Steps 5 to 10 in the present embodiment.

The conventional analyzer uses as a reference an 0

amplitude obtained by multiplying a sinusoidal wave of
a frequency coinciding with a discrete frequency point
koby a rectangular window function {W(n)=1. 0, n=0,
1,..., N—1}, and makes an appropriate correction so
that an amplitude obtained by a different window func-
tion (e.g., the Harming wmdow functlon) comc:des
with the reference.

For example, in the case of using a Hannmg window,

whose window function is defined by the following

equation:

Wn)={1—cos(2wn/N), n=0, 1,. .., N—1}

which is a function obtained by doubling the original

Hanning window function, {3 —cos(27n/N)/2}, the
power spectrum (the square of an amplitude 21 |F(k) 1D
of a sinusoidal wave whose RMS value 1S 1 0 i ex-
pressed as:
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4
2-!F(k)I2=3(k—ko)+i8(k-—ko—1)+_15(k—-ko+1) (1)
where 6 is the Kronecker delta function in which
0(0)=1, 6(m)=0 (m=>£0). That is, & in the first term of

the right side, (k—ko), takes 1 when k=kg, and 0 when

k=£kg; O in the second term, (k—ko—1), takes 1 when
k=kg+1, and O when k=tko-+1; 6 in the third term,
(k—ko+1), takes 1 when k=ko—1, and O when
k=£ko— 1.

According to the above equation (1), 22| F(ko)| =1.0
when k=ko, which coincides with the amplitude 1.0 of
the case where the rectangular window is used when
k=ko (see FIG. 5(a) and FIG. 6(a)).

Therefore, in the case of using the Hanning window,
the same amplitude as in the case of using the rectangu-
lar window can be obtained at the target frequency

point ko.

‘However, if the input signal frequency is varied only
by a half (Af/2) of an interval Af between the frequency
points, the spectrum is broadened so that the display
value at kg is reduced by 3.9 dB in the case of using the
rectangular window, and that the di3play value is re-
duced by 1.423 dB in the case of using the Hanning
window (see FIG. 5(b), FIG. 6(b)), thereby making
both display values incoincident with each other.

To overcome this problem, the present embodiment
1s designed to display the square root of the sum of the
squares of the amplitudes 22|Fk| of a plurality of fre-
quency points close to a user’s desired frequency fd as
an amplitude RMS |Fk| of the frequency fd.

- Specifically, as shown in Steps SS§ to S8 in FIG. 2, as
the user specifies the desired frequency fd (Step S5); the
number of spectral lines m close to fd to be added up is
determined (Step S6); whether m is odd or not is judged

(Step S7); if m is odd, then the amplitude RMS |Fk| is

calculated by the following equation (2) (Step S8); if, on
the other hand, m is even, then the amplituide RMS
|Fk| is calculated by the following equation (3):

3 - (2)
m—1
2 )
RMS|Fk| = a : 2. | Fk + j|2
. m—
J= 2
| 3 | (3)
m
RMS|Fk| =a| 3 2.|Fk+j|2
. m
j=—5

where Kk is the frequency point closest to the frequency
fd, and a is the coefficient determined in accordance
with the window function, which is 1.0 in the case of
the rectangular window, and (%)? in the case of the
Hanning window.

According to the physical study of the DFT, the
reason why the thus calculated RMS |Fk| is displayed
is that the RMS value of the sinusoidal wave of a fre-
quency becomes equal to the square root of the sum of
the squares 2 |F(k) |2 of the amplitudes of the respective
spectral lines because the spectrum close to the fre-
quency is broadened due to leakage. That is, for exam-
ple in FIG. 6{aq), the RMS value when {=1g becomes
equal to the square root of the sum of the squares of the
amplitudes of three spectral lines close to fy, whereas in
FIG. 6(b), the RMS value when f=fg+ Af/2 becomes
equal to the square root of the sum of the squares of the
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amplitudes of a plurality of (e.g., 6) spectral lines clcse
to (fo-+Af/2).

FI1G. 3(6) shows a relationship between the number
of spectral lines m to be added up in the case of FIG.
6(b) and the ratio R (%) of the RMS [Fk| value calcu- 5
lated for the RMS value when f=f£y-+ Af/2 by the equa-
tion (2) or (3). Here, the spectral lines are sequentially
added up 1n the order of size. Since R=99.0% when
m=3, and R=99.96% when m=4 as shown in FIG.
- 3(b), m may be set to 3 or 4 for practical applications,
taking accuracy requirements into consideration. When
f=1fg, R=100% with m being equal to 3 as is apparent
from FIG. 6(a).

The spectral dispersion becomes maximized when the
frequency of the input signal is varied by Af/2 from fpas
long as the frequency of the input signal does not fluctu-
ate during analysis. -

To calculate the ratio R from the decibels D of the
amplitudes of the spectral lines shown in FIGS. 5(a) and
3(b), or FIGS. 6(a) and 6(b), the following equation (4)
or (3) 1s employed:

10

15

20

i _ @)

m—1
2

R=a : 10054710 | (m: odd) 25

j=— 5

i (5)
m
1 5 -1 | 10

R=a S 1004710 | (- even)

j=—3

where a, k, and m are the same as thcsc in thc equations
(2) and (3).

A method of determining the coefﬁclcnt a in the case
of using the Hanning window will be described next.

If the window function {1 —cos (2n/N)} is used, the
total power P of a sinusoidal wave is given as follows
with reference to the equations (1) and (2). -

35

2{|Fkg — 1)|2 + |Fko)|2 + |Flko + 1)}2}
1/4 +1 4+ 1/4 = 3/2

45

Since P must be equal to 1.0, it is understood that
such a correction as to multiply P by % in terms of
power is necessary. Therefore, in terms of the RMS
value, multiplication by (§)# is necessary which means 50
that o is defined as (). -

The number of spectral lines m to be summed in the
case of using the rectangular window as a window
function will be examined next.

‘FIG. 5(b) shows a spectral distribution in the case , 55 .

where the input signal frequency f is varied to fo+ Af/2,
and FIG. 3(a) shows the relationship between the value

m and the ratio R in this case. As is apparent from FIG.
3(a@), R=97.0% when m=5, and R=98.1% when
m==10. Thus, a significant improvement is exhibited 60
with respect to the ratio R compared with the case of
the conventional analyzer (R=64%).

- As described above, the present invention is designed

to display the value RMS |Fk| calculated by the equa-

tions (2) or (3) using not only the number of spectral 65

 lines m to be defined in accordance with the window

. function and accuracy requirements but also the correc-
tion coefficient a to be defined in accordance with the

6

window function. Therefore, even if the input signal
frequency is varied, an accurate RMS value of a desired
frequency can be displayed.

A method of evaluating a predetermined frequency
component in the case where an input signal frequency
fluctuates to a large degree during analysis (e.g., the
number of rotations of a rotating machine subjected to
the analysis fluctuates to a large degree due to load
variations or requirement change) will be examined
next.

If the input signal is varied during A/D conversion,
for example, such a broadened spectrum as shown in
FIG. 4(a) is obtained. In the case where an initially set
frequency fois varied to a frequency fy' that is different
from fodue to a requirement change, such a spectrum as
shown in FIG. 4(b) is obtained.

In the case of FIGS. 4(a) and 4(b), the value m, i.e.,
the number of spectral lines to be summed is determined
in consideration of a frequency variation rate of the
input signal, together with the window function to be
used and the accuracy requirements. In other words,
the larger the frequency variation rate is, the larger the
dispersion of a spectrum becomes. It is for this reason
that the value m is set to a large value.

-~ Accordingly, even if the input signal frequency fluc-
tuates during analysis, the RMS value of a predeter-
mined frequency component can be displayed accu-

rately.

While the spectral analysis result is displayed on the
display device in the above embodiment, such result
may be outputted to, e.g., a computer as digital data.

As described in the foregoing, the frequency spec-

trum analyzer of the present invention is characterized

as calculating the square root of the sum of the squares

‘of the amplitudes of a predetermined number of spectral

lines close to a predetermined frequency when a user
specifies the predetermined frequency, and outputting
or displaying such calculated value as a Root-Mean-
Square amplitude of the spectrum of the specified fre-
quency. Therefore, even if the input signal frequency

fluctuates, an accurate amplitude at a desired frequency
~ can be obtained, hence allcmng lughly rehable mea-
surements to be made.

What 1s claimed is: |

1. A frequency spectrum analyzer comprising:

digital data multiplying means for multiplying digital
data corresponding to an mput signal by a window
function;

frequency spectrum calculating means for calculating
a frequency spectrum of said input signal using
Discrete Fourier Transform;

amplitude calculating means for calculating the
square root of the sum of squares of amplitudes of
a predetermined number of spectral lines close to a
desired frequency; and

outputting means for outputting a value calculated by
said amplitude calculating means as a Root-Mean-
Square value of said amplitudes of said spectral
lines of said desired frequency.

2. The frequency spectrum analyzer of claim 1, -

wherein said Root-Mean-Square value of said ampli-

tudes of said spectral lines calculated by said amplitude

calculating means is obtained by both equations:



- |
RMS|Fk| = a S 2.|Fk+j)?

when said predetermined number m of said spectral
lines close to said desired frequency is odd; and

RMS|Fk| = a

5,420,501
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8

when said predetermined number m of said spectral
lines close to said desired frequency is even;
where k is a frequency point closest to said desired
frequency; |Fk+j| and |Fk| are amplitudes at
frequency points k+j and k, respectively; and a is
a coefficient determined in accordance with said
window function. -
3. The frequency spectrum analyzer of claim 1,
wherein said window function, subjected to multiplica-
tion by said digital data corresponding to said input
signal, then subjected to the Discrete Fourier Trans-
form, and further used to calculate said spectrum of said
frequency of said input signal, comprises at least one
function selected from a rectangunlar window function,
a Hanning window function, a Blackman window func-

tion and a Hamming window function.
* %X *x %k Xk
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